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ABSTRACT

A FORTRAN computer code for the reduction and analysis of experimental heat transfer data has been
developed. This code can be utilized to determine heat transfer rates from surface temper ature measurements made
using either thin-film resistance gages or coaxial surface thermocouples. Both an analytical and a numerical finite-
volume heat transfer model are implemented in this code. The analytical solution is based on a one-dimensional,
semi-infinite wall thickness model with the approximation of constant substrate thermal properties, which is
empirically corrected for the effects of variable thermal properties. The finite-volume solution is based on a one-
dimensional, implicit discretization. The finite-volume model directly incorporates the effects of variable substrate
thermal properties and does not require the semi-infinite wall thickness approximation used in the analytical model.
This model also includes the option of a multiple-layer substrate. Fast, accurate results can be obtained using either
method. This code has been used to reduce several sets of aerodynamic heating data, of which samplesareincluded in
this report.

INTRODUCTION

Information on aerodynamic heating rates is a critical factor in the design of hypersonic vehicles. A
common experimental technique for the determination of aerodynamic heat transfer rates is wind tunnel testing of
models which have been instrumented with surface temperature sensors such as thin-film resistance gages or coaxial
surface thermocouples. These sensors are used to measure surface temperatures during a wind-tunnel test, and the
surface heat transfer rates are then calculated from the recorded time histories of the surface temperatures.

An analytical relationship between the heat transfer rate and the measured surface temperature-time history
was developed by Vidal (ref. 1), and Schultz and Jones (ref. 2). This relationship is based on the model of one-
dimensional heat transfer to a semi-infinite substrate which has constant thermal properties. Cook (ref. 3) extended
this theory to include substrate materials with variable thermal conductivity. Hartunian and Varwig (ref. 4) and
Miller (ref. 5) developed approximate correction factors to account for substrate materials with variable thermal
conductivity and thermal diffusivity. The one-dimensional heat transfer problem with variable thermal properties has
also been solved numerically by many authors, for example White (ref. 6), Patankar (ref. 7) and Dunn et al (ref. 8).
Pittman and Brinkley (ref. 9) and Bradley and Throckmorton (ref. 10) have extended the numerical method to
multiple-layer substrate problems.

In this report, the One-Dimensional Hypersonic Experimental Aero-Thermodynamic data reduction code,
1DHEAT, will be detailed. 1DHEAT isan fast, user-friendly FORTRAN code for heat transfer data reduction which

incorporates both analytical and numerical models. Variable thermal properties are accounted for in both models, and



both models can be used to reduce either thin-film gage data or coaxial thermocouple data. Additionally, multiple-

layer substrates can be dealt with using the finite-volume model.
SYMBOLS

Ch Stanton number (dimensionless heat transfer coefficient), q/ [puoo (hy — hm)]
c specific heat (Vkg-"K)
sensor voltage (mV or V)

E

h enthalpy (Jkg)
H dimensional heat transfer coefficient q/ (h,, —h,,)
k

thermal conductivity (W/m-°K)

L() Laplace transform of ()
q heat transfer rate (W/m?)
Q heat addition (Jm?)

R sensor resistance (Q)

-

adiabatic wall recovery factor

RMS() root-mean square of ()

S() standard deviation of ()

S Laplace transform variable

T temperature (°K)

t time (sec)

u velocity (m/s)

X depth through substrate(m)

X" dimensionless penetration depth

thermal diffusivity, k/(poc,) (m2/s)
coefficient of resistance (1/°R)

thermal product, \[oC,k (W-s¥2/m?°K)
correction factor

[Z]
transformed temperature, ¢ = I% do (°K)
0

6 . T Qo 9

>

dummy time integration variable (s)
a At
(&x)?

o mesh Fourier number, g =



0 temperature defined by 0(x,t) = T(x,t) - T(x,0) (K)

p density (kg/md)
SUBSCRIPTS

0 freestream

0 initial (pre-test) condition
1 start of averaging window
2 end of averaging window
amb ambient (pre-test)

cd cdibration condition

gage surface temperature measured by gage
int cdl interface

I left boundary

r right boundary

p reference point temperature
ref reference condition

S surface temperature

tot stagnation

ONE-DIMENSIONAL HEAT TRANSFER

Figure 1 depicts a generic surface temperature sensor mounted on a substrate material. For athin-film gage,
the sensor is typically a platinum or paladium film, and the substrate is a thermally insulative material such as
Macor or quartz. For acoaxial thermocouple, the sensing element is a thin junction of two thermocouple materials,
such as chromel and constantan, while the substrate is the body of the thermocouple. In either case, the sensor is
typically designed so that the thickness of the sensing element is much less than that of the substrate. The sensing
element, therefore, has a negligible effect on the heat transfer to the substrate, and the temperature measured by the
sensing element is identical to the temperature at the surface of the substrate. It is also assumed that there is no
lateral conduction through the substrate and that heat is conducted only in the direction normal to the surface. The
final assumptions are that the substrate is of infinite depth, and that the temperature rise at infinity is zero.
Together, these assumptions are referred to as the one-dimensional, semi-infinite solid model. Using this model, the

temperature distribution in the substrate can be given by the partia differential equation
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The thermal properties (thermal conductivity, specific heat and density) are all functions of temperature.

The boundary conditions are given by

T(xt=1ty)=T,
T(x=0,t) =T4(t) (1b)
A(x =o,t) =0

A common simplification is the assumption of constant thermal properties, in which case the temperature

distribution is given by

oT_14r
% a, ot
where 2

k
a, = — = constant
pc,

The boundary conditions are the same as for equation (1).

TEST-TIME AND THE SEMI-INFINITE ASSUMPTION

The semi-infinite substrate assumption, which is required for an analytical (but not numerical) solution of
equation (1), is only approximately correct during an actual experiment. The accuracy of the assumption is a
function of material depth, diffusivity and test duration, and can be measured in terms of the increase in the
temperature or heat transfer rate at the back of the substrate. The relevant dimensionless parameter for the thermal

penetration depth is given in reference 2

* X
X =——
2+ at

©)

Expressions for the back face heat transfer and temperature for a constant heating rate were also derived in

reference 2.

T _ (_X*)Z _ * ﬁ *
T_:_e (x N n)erfc(x ) (49



qq—x = erfc(x") (4b)

S

The period of the semi-infinite test time can be estimated from Figure 2 (which is redrawn from reference 2)
as afunction of the thickness of the substrate. Ideally, the substrate should be thick enough that the ratio g /q, at
the back face of the substrate be no more than afew percent for the test time desired. Because the penetration depth
isinversely proportional to the square root of diffusivity, materials with lower diffusivity (such as ceramics) have a

longer semi-infinite test time, whereas high diffusivity materials (such as metals) have a shorter test time.

HEAT TRANSFER MODELS

Equation (1) can be solved to determine the temperature distribution, and thus the heat flux, either
analytically or numerically (through the use of the finite-volume technique). Analytical solutions are possible for
materials in which the thermal properties are constant or in which only the thermal conductivity varies with
temperature; an empirical variable properties correction to the constant properties solution is also possible. Variable
thermal properties are treated directly in the finite-volume solution method. These methods are summarized in this
section, and are discussed in detail in Appendices A and B

Constant thermal properties
The simplest analytical solution (ref. 2) is found by assuming that the material properties are all
independent of temperature. The surface heat flux can then be found from the measured time history of the surface

temperature by

2B, ' Ti-Tia

J(t.) =g, = ——2
A(ty) = G, vn;wn—ti = &)
where the thermal product
Bo = /pC,K ©

is evaluated at the ambient temperature. The derivation of equation (5) is presented in Appendix A.
Alternatively, the total heat added to the substrate can first be calculated using the method given by Kendall
and Dixon (ref. 11)



BT TiHTy
\“‘J‘nizl \/tn _ti +\/tn _ti—l

Qn At (78

and the heat transfer rate can then be computed with the finite-difference approximation used by Hedlund et al (ref.
12)

qt,) =a, =

dQn - _ZQn—B Qs tQuea t 2Qn+8 (7b)
t

d 40At

The schemes represented by equations (5) and (7) are referred to as the direct method and the indirect method,
respectively. In general, the instantaneous heat transfer rates computed using the two methods are not identical.

This is because the temperature difference term in the numerator of equation (5) of the direct method tends to
accentuate fluctuations in ¢, whereas the temperature sum term in the numerator of equation (7a) and the wide

differencing stencil in equation (7b) of the indirect method tend to smooth fluctuationsin . However, over a given

time interval the average values of the heat flux will be approximately equal. The indirect method then, would be
preferable in a situation where the random noise level is relatively high in comparison to the heat transfer rate. If
however, the fluctuationsin ¢ were of interest, as for example in a turbulent flow, then the direct method would be
preferable. Further discussion and comparisons between these two methods are presented in the Data Reduction and

Analysis section.

Variable thermal conductivity

Equations (5) and (7) are based on the assumption of constant substrate thermal properties. In hypersonic
heat transfer experiments, the increase in the temperature of the substrate is usually not negligible. This assumption
then is not valid, and the above formulations are valuable only as starting points for more detailed analyses.

A more accurate analytical solution can be found by assuming that the thermal conductivity of the substrate

isafunction of temperature but that the thermal diffusivity is a constant (ref. 3).

= K _ constant

S ®)

This is a reasonable approximation for metallic substrates, such as that of a coaxial thermocouple. With

this assumption, the equations for the direct and indirect methods become
Direct method:

. _z_ﬁoi:n qq_qol_l
q(tn)_ \/7—'[ ;\f/tn_ti +\/tn _ti—l (9)




Indirect method:

B ata,
Q, =12 At (10a)
NI Gt =t At —t

: _o _dQ, _ —2Q, 5= Qn-s t* Quig +2Q04g
t = = n_ n n n n 10b
Atn) = dt 40At (100)
where
Tk
Q= [—dT (11)
T-[ko

Variable thermal conductivity and thermal diffusivity

Equations (9) and (10) are inadequate for the insulative substrates typically used with thin-film gages, such
as Macor, quartz, or Pyrex. For these substrates, both the thermal conductivity and thermal diffusivity are functions
of temperature. For this case, there are no exact closed form solutions for heat transfer such as given by equations
(5,7) or (9,10). However, an accurate approximation for the heat transfer rate may be made through the use of a
correction factor for the variation of materia properties with temperature. This approach was first used by Hartunian
and Varwig (ref. 4) for quartz and Pyrex substrates. Correction factors were also derived for Pyrex by Cook (refs.
13,14) and for Macor by Miller (ref. 5). New correction factors have been derived for Macor and quartz by
comparison with finite-volume solutions, as detailed in Appendix C. The formulation for heat transfer with variable

material propertiesis

Up(ry = %0 [1+B'AT] (129)
where
AT, = Tgage ~Tamo (12b)

where (' is the correction factor which accounts for the variation of material properties and qﬁ0 is the constant

material properties heat transfer rate computed using either the direct (eg. 5) or indirect method (eg. 7).

Finite-volume
When all thermal properties are functions of temperature, an "exact" solution to equation (1) can only be

obtained through afinite-volume model of the substrate.



T =T(x,t") (13

The numerical model is more flexible than the analytical model in that the semi-infinite assumption does
not need to be made; this assumption is replaced with a physical boundary condition at the interior (back-face) of the
substrate. The boundary condition may be that of an adiabatic (zero heat transfer) back face, a constant temperature
back-face, or a temperature measurement made using a second sensor located at the back face of the substrate. This
finite wall thickness analysis is most useful because it is not uncommon for a wind tunnel model to have a wall
thickness small enough that the semi-infinite assumption is violated during atest, which would result in incorrect
heating rates being computed from a semi-infinite analysis. The finite-volume analysis also makes it possible to

model a multiple-layer substrate. The finite-volume method is detailed in Appendix B.

1DHEAT CODE DESCRIPTION

OVERVIEW

The analytical and computational models discussed in the previous section have been incorporated into
1DHEAT. 1DHEAT isaflexible, user-friendly FORTRAN code for the reduction and analysis of experimental heat
transfer data from thin-film and coaxial thermocoupl e surface temperature sensors. 1DHEAT has been compiled and
executed on SUN and Hewlett-Packard workstations. Execution time is dependent on the number of temperature
sensors, length of the data acquisition window, and the heat transfer data reduction model employed, but is typically
on the order of aminute. Asan example, atest with data from 70 thin-film gages with 4 seconds of data taken at a
50 Hz sampling rate (14000 data points) has been reduced in under 30 seconds on both Hewlett-Packard and SUN

workstations

INSTALLATION AND SETUP

The 1DHEAT code and sample data sets are distributed in atar file, 'IDFILES, which is accompanied by
an installation script file, "ADINST'. To install the 1DHEAT code, copy the files "AIDFILES and 'ADINST" to the
host computer and run the installation utility by typing "1DINST". The 'ADINST" utility creates a home directory
"IDHEAT for 1IDHEAT and installs the source code there. It aso creates subdirectories for the sample data sets and
installs the necessary raw data files and input files therein. The source code 'IDHEAT.f' may then be compiled and
immediately be used to reduce and analyze the sample data sets, as will be discussed in the section "Data Reduction



and Analysis'. To reduce new data sets, raw data input files and setup files must first be created, as will be detailed

in the next sections.

NAMING CONVENTION AND DIRECTORY TREE

The 1DHEAT code uses or creates severa files for each data set which is analyzed. In order to avoid
confusion, 1DHEAT data files' names follow a specific naming convention, and are organized in an hierarchical
directory tree based on wind tunnel test series and run number identifiers. The IDHEAT directory treeis depicted in
Figure 3. The naming convention for 1IDHEAT data files is "1DtestI Drunl D.ext', where 'testID' and 'runl D' are

the identifiers for the test series and run number identifier of a data set. These identifiers may each be any
combination of up to six numerals and/or characters (upper or lower case). The extension 'ext' denotes the file types,
which are summarized in Table 1. A file name example is '1DT293R005.ext', which would designate the 5th run in
test series 293.

For each test series, the user must create a subdirectory 'testtest| D' under the parent directory in which the
1DHEAT source code resides. For each run in atest series, the user must create a subdirectory 'runrunliD' in the
'testtest| D' subdirectory. All input files for a given run must be placed in that run subdirectory; 1IDHEAT

automatically places the output filesin the appropriate run subdirectories.

FILE DESCRIPTIONS

Input files

'"1DtestI DruniD.inp'
'"1DtestI Drunl D.fvinp'
'"1Dtestl Drunl D.degk'
'"1DtestI DruniD.volt'

To reduce experimental datawith the LDHEAT code, a setup file and araw datafile for each data set which
is to be analyzed must be provided by the user; if the finite-volume model is to be used in the data reduction, an
additional finite-volume setup fileis also required.

The setup file, '1DtestI Druni D.inp', contains entries on flow properties, gage and substrate types and
other information which is required for the reduction of the raw data. The finite-volume setup file,
"1Dtestl Druni D.fvinp' contains information on the number of substrate layers, the thickness of each layer, and the
number of computational nodes to be used for each layer. Examples of each of these file types are given in

Appendix D along with descriptions of the entriesin the files.



The raw input datafor IDHEAT may be either the sensor output voltage-time histories or the temperature-
time histories computed by the user from the voltage-temperature calibrations of the sensors. The raw data files for
these options are entitled '1Dtestl DruniD.volt' and '1Dtestl Drunl D.degk', respectively. If raw voltages are to
be input, the voltage-temperature calibrations must be of the same form as those in the 1DHEAT code. For thin-
film gages, the voltage-temperature relationship used is based on the calibration methods used at the Langley

Research Center:

T=Tap+ [1+0r(Tamp = Tea)l (14

amb™ R

where subscript 'cal’ refers to calibration conditions, subscript ‘amb' refers to ambient pre-test conditionsand AE is
the measured gage output (relative to pre-test baseline) in millivolts. For coaxial gages the conversion isthe NBS
standard for Type-E (chromel-constantan) thermocouples

i=9
T=Tp+> aE (15)
=0

where E is the absolute measured gage output (which must be in volts for the NBS curvefit) and T, isthe reference
point temperature of 273 °K (freezing point of water). The coefficients of equation (21) are listed in Table 2. If
gages with different voltage-temperature calibrations than these are utilized, the user must first convert the voltage-

time history to a temperature-time history.

Output files
'1DtestIDruni D.t'
'1DtestI DruniD.gx'
'"1DtestIDruniD.chx'
'"1DtestI Druni D.distx’
'"1Dtestl Drunl D.distxnew'
'"1DtestI Drunl D.gresx'
'"1DtestI Druni D.chresx'
'"1Dtestl Drunl D.tback'
'"1DtestI Druni D.gageid'
Severa output files are created for the results computed using each of the data reduction methods. The

method isidentified by the number X' in the file extension, which corresponds to computations based on:

x=1) Indirect Analytical Method:
Equation (7) with the correction in (12) for thin film gages, or equation (10) for coaxial thermocouples.

10



x=2) Direct Anaytical Method:
Equation (5) with the correction in (12) for thin film gages, or equation (9) for coaxial thermocouples.

x=3) Finite-Volume Method:
Numerical solution of equation (13) for either gage type.

The output files '1DtestI DruniD.gx' and '1Dtestl DrunlD.chx' contain the time histories for each gage
of the heat transfer rate and the Stanton number, respectively. The '1Dtestl DrunlD.distx' file contains the
averaged surface distributions of the heat transfer rate, ¢, Stanton number, C;, the dimensional heat transfer
coefficient, H, and the extrapolated reference temperature heating rate, q,¢, as well as the standard deviations of the
averaged heat transfer rate and Stanton number and their root-mean square values. The surface heating distributions
are all based on the time-averaging window specified in the input file. The user may recompute these values based
on a different averaging window, in which case the new distributions are written to the '1Dtestl Drunl D.distxnew'
file. The output files '1DtestI Druni D.qgresx' and '1Dtestl Drunl D.chresx' contain the time histories of the heat
transfer rate residual and Stanton number residual, respectively. Finaly, the '1DtestIDruniD.t' file contains the
temperature-time history for each gage. The quantities above are all defined in the Heat Transfer Computations

section.
The '"1DtestI Drunl D.tback' and '1DtestI Drunl D.gageid' files are unique to the finite-volume method.

The '"1Dtestl Drunl D.thack' file contains the temperature-time history of the back face node of each gage, and can
be used to estimate the validity of the semi-infinite assumption. The '"1Dtestl DrunlD.gageid' file contains the

temperature profile through the substrate of sensor "gageid” at a user-specified time.

Error log

The 1DHEAT code generates an error log entitled 'IDHEAT .errorlog' which resides in the 1DHEAT root
directory. Thisfile containsarecord of any errors which occurred during a session and is automatically output to the
screen at the end of the session. The error log can be useful in identifying problems with the setup or data files, and

asarecord of any errors which occur if 1DHEAT isrun in batch mode.
UNITS

All input data used by IDHEAT must be in Sl units except for the thin-film gage coefficient of resistance,
ag, (in the '1DtestIDruniD.inp' file) which has units of (1/°R) (to agree with the current format for gage

calibration data at NASA LaRC) and the gage surface position data (also in the '1Dtest| DrunI D.inp' file) which

may be in any system of units. No computations are made with the position data; it is only included to allow the

11



user to plot surface heating distributions. All output dataisin Sl units with the exception of the gage position data
in the 'ADtest| Drunl D.distx' and "1Dtest| Drunl D.distxnew' files.

HEAT TRANSFER COMPUTATIONS
The 1DHEAT code computes the time histories of the heat transfer rate for each gage using the method
specified by the user. After the heat transfer rates have been computed, the dimensional heat transfer coefficient, H,

and the dimensionless heat transfer coefficient (Stanton number), Ch, can be computed by

H=— 9 (16)
(Ahaw - Ah«v)

_ :
& = oot (Bh,, —Bh) ()

where the enthal pies are defined by:

Ah\N = h(Tw) - h(Trp) (18&)
Ahaw = h(TaW) - h(Trp) (18b)

Thefactor h(T,,) isthe enthalpy at a user-defined reference point temperature. The enthalpiesin equations

(18a) and (18b) are written as differences to remind the user that the computations for the wall and adiabatic wall
enthalpies MUST be based on the same reference point temperature. For perfect gas flows, the reference point
enthalpy is usually taken as zero at 0" K, while for chemically reacting flows it is sometimes taken to be zero at the
standard temperature of 298°K. The reference point in IDHEAT is 298°K.
The adiabatic wall enthalpy isrelated to the total enthalpy by
2

Ah,, = Ahy +(r —1)”7“’ (19)

and the recovery factor, r, is 1 for a stagnation point and for aflat plate is typically taken as Pr¥2 for laminar flow
or Pr for turbulent flow. Note that in equation (19) it is assumed that the edge velocity is equal to the freestream
velocity, and thus the Stanton number computations in 1DHEAT are based on freestream as opposed to boundary

12



layer edge conditions. This approximation is made in order to simplify the setup file formats and reduce the amount
of datathat the user must provide.

A "reference" heating rate can also be computed. This is an estimate of the value of the heat flux at a
specified wall temperature (such as the ambient temperature), and should not be confused with the reference
temperature, T~ of boundary layer computations. Assuming that the heat transfer coefficient for a particular gage
remains constant with time (allowing for experimental noise and measurement error), the reference heat transfer rate

can be extrapolated from an averaged Stanton number by:
&Gu =G, Eppoouw (ah,, - A )] (20)

The recovery factor, reference temperature, freestream velocity and total enthalpy are all user inputsin the

setup file, while the wall enthalpies are computed in IDHEAT from the temperature-time histories of the sensors.
STATISTICS
After the heat transfer computations are made, 1DHEAT performs a statistical analysis of the heat transfer

data by computing the RM S (root mean squares) values and the standard deviations of the averaged heat transfer rate

and Stanton number. The RMS values are given by

. _ n:i1+navg . 2
RMS(q) = (6n) (21)
avg  n=i
and the standard deviations are given by
n:i1+na\,g
. \2 —\2
Z (qn) - r]avg (Q)
@) = | —= (22)
n 1

avg ~

The formulas for the Stanton number values have the same form. In equations (21-22), i;and (i, + ny,g) arethetime
indices of the start and end of the averaging window.

The standard deviation isindicative of the experimental uncertainty of the time-averaged values, which can
be influenced by factors such as flow quality and gage electrical noise. If the datais free from electrical noise
produced either by the sensor or the data acquisition system, and the flow quality is high (and laminar) and the heat

transfer rate (or Stanton number) is constant, then the standard deviation should tend toward zero. Datafrom

13



individual sensors which show significantly higher standard deviations than other nearby sensors should be considered
suspect as this suggests poor sensor performance. Overall higher standard deviations may suggest either system-wide
electrical noise or significant freestream unsteadiness or turbulence.

The normalized time history of the residual of the heating rates has been found to a useful parameter with
which to characterize the wake flow-establishment process in short-duration (test times of milliseconds or less) test

facilities (Hollis and Perkins, ref. 15). The normalized residud is given by

dq At
AG = % (239)

or for the Stanton number by

@‘&Q At

(Aéh)i = ?é—h)i (23b)

The derivativesin equation (23) are numerically approximated by afour-point central derivative of the same
form as equation (10b) for the indirect method, and by two-point central derivatives for the direct and finite-volume
methods. The establishment process over the entire body is characterized by an RM S of the heat transfer rates of all

the sensors (with a similar form for the Stanton number):

(24)

mm

RMS(AQ); = %(Aq(” + 02 +K +Aqmgages))

Because the residua values are dependent on the heat transfer model and the numerical derivative
approximation, they should be considered a qualitative, not quantitative source of data. Also note that thisRMS
computation is spatial (based on data from gages at different positions at a given time) as opposed to the temporal
computation (based on data from the same gage at different times) of equation (21).

DATA REDUCTION AND ANALYSIS

The data reduction and analysis options available in IDHEAT are listed in the IDHEAT main menu, which
isshown in Figure 4. The options are divided into two groups: semi-infinite options and finite-volume options.

Options 1 and 2 correspond to the semi-infinite solution methods of equations (5) and (7) with the
correction for variable thermal properties of equation (12) for thin-film gages, and to equations (9) and (10) for

coaxial thermocouples. Options 5 and 6 correspond to the finite-volume numerical method of equation (13). The

14



output from any of the above options consists of files containing the temperature-time histories
('1Dtestl DruniD.t"), the heating rate-time histories (‘1Dtestl Druni D.gx"), and the Stanton number-time histories
of each gage (‘'1DtestI Druni D.chx'). Additionally, the averages and statistics for the heating computations over
the specified time window are output to ("1DtestI DrunlD.distx"). Options 3 or 7 are used to recompute these
averages over a new time-averaging window (output to '1Dtestl DrunlD.distxnew’). Options 4 or 8 are used to
output the residual time histories of the heat rate and Stanton number. Finally, option 9 is used to compute the
temperature distribution (using the finite-volume method) through the substrate of a single gage at a specified time
(output to '1Dtestl DrunlD.gageid’).

These options can be explored using the sample data sets created by the installation utility. The sample
dataisidentified by the test series "demo"; in this test series are two runs. "coax" and "thin" (the file name templates
for these data are thus 1Ddemocoax.ext and 1Ddemothin.ext, respectively). The "democoax" data set isfrom arunin
the NASA Langley Research Center 31" Mach 10 Air Tunnel (this facility is described by Micol in ref. 16) of a 2"
radius hemisphere instrumented with Type-E coaxial surface thermocouples. The "demothin" data set is from arun
in the same facility of a 70" sphere-cone (0.5" nose radius, 0.05" corner radius, and 2" base diameter) with thin-film
gages on a Macor substrate.

A 1DHEAT session is illustrated on the following pages using the "democoax" data as an example.
1DHEAT output is shown in bold face and user keyboard input in shown in italics.

First, the raw data from the "democoax" set is reduced using the semi-infinite methods (direct and indirect):

"1DHEAT" v2.20 PROGRAM OPTI ONS:

SEM - | NFI NI TE METHOD
1. Reduce raw data (volts).
2. Reduce raw data (degrees K).
3 Recompute statistics over new
time interval.
4. Compute residuals.

| |
| |
| |
| |
| |
| |
| |
: :
| FI NI TE- VOLUME METHOD |
| 5. Reduce raw data (volts). |
| 6. Reduce raw data (degrees K). |
| 7. Recompute statistics over new |
| time interval. |
| 8. Compute residuals. |
| 9. Tenperature profile for a gage at a |
| specified time. |
| |
| |

Enter your choice. (1-10) 2

Enter test ID (up to six characters) deno

Enter run ID (up to six characters) coax

Opened setup file: testdeno/runcoax/1Ddemocoax. i np

Opened tenperature data file: testdemo/runcoax/1Ddenmocoax. degk
Readi ng data for 7 gages
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Read 501 data points per gage for 7 gages

Computing dQ@dt ( 351 points per gage)...
I ntegration w ndow. 1.72 (sec) to 8. 32 (sec)
Fi ni shed conputing dQ/ dt

Conputing gq ( 351 points per gage)...
I ntegration w ndow. 1.72 (sec) to 8. 32 (sec)
Fi ni shed computing ¢

Conputing statistics for 7 gages
Aver agi ng w ndow: 4. 00 (sec) to 5.00 (sec)

Witing data...

Finished witing data for
Test: deno

Run: coax

After examination of the reduced data to determine a more exact data-averaging window, 1DHEAT isused to

re-average the data over anew timeinterval:

" 1DHEAT" v2.20 PROGRAM OPTI ONS:

SEM - | NFI NI TE METHOD
1. Reduce raw data (volts).
2. Reduce raw data (degrees K).
3. Reconmpute statistics over new
time interval.
4. Compute residuals.

FI' NI TE- VOLUME METHOD

5. Reduce raw data (volts).

6. Reduce raw data (degrees K).

7. Recompute statistics over new
time interval.

8. Compute residuals.

9. Tenperature profile for a gage at a
specified time.

Enter your choice. (1-10) 3
Enter test ID (up to six characters) deno
Enter run ID (up to six characters) coax

Opened setup file: testdeno/runcoax/1Ddemocoax. i np

Opened reduced data file: testdeno/runcoax/1Ddenocoax.ql
Opened reduced data file: testdenmo/runcoax/1Ddenocoax. g2
Opened reduced data file: testdenmo/runcoax/1lDdemcoax.chl
Opened reduced data file: testdenmo/runcoax/1Ddemcoax.ch?2

Reduced data runs from 1.72 (sec)
to 8. 32 (sec)

Enter start tinme (sec) of averaging w ndow 3.75
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Enter end time (sec) of averaging w ndow 4.25

Conputing statistics for 7 gages
Aver agi ng w ndow: 3.75 (sec) to 4.25 (sec)

Witing data

Finished witing data for
Test: deno

Run: coax

Additional data sets can now be reduced, or asin this example, the program can be exited.

" 1DHEAT" v2.20 PROGRAM OPTI ONS:

SEM - | NFI NI TE METHOD
1. Reduce raw data (volts).
2. Reduce raw data (degrees K).
3 Recompute statistics over new
time interval.
4. Compute residuals.

FI NI TE- VOLUME METHOD

5. Reduce raw data (volts).

6. Reduce raw data (degrees K).

7. Recompute statistics over new
time interval.

8. Compute residuals.

9. Tenperature profile for a gage at a
specified time.

Enter your choice. (1-10) 10
SESSI ON ENDS

The reduced data from this session and from reduction of the "demothin" data set are useful in illustrating
the features of the IDHEAT code. Data from the "democoax" set is plotted in Figures 5 through 9. Data from the
"demothin" set is plotted in Figures 10 through 17. Flow conditions for these two runs are given in Table 3.

The measured temperature-time histories of the thermocouples on the hemisphere (seven, distributed along
asingle ray at 15° increments) from the "democoax" data set are plotted in Figure 5. This data is found in the
'"IDdemocoax.t' file. Note that because of the high diffusivity and conductivity of the thermocouples, the
temperature rise, and thus the increase in wall enthalpy, was small during the test. Because the wall enthalpy
increase was small the heat transfer rate (which is proportional to the difference between the flow stagnation enthal py
and the wall enthalpy) remained nearly constant through the duration of the run.

The time histories of the heat flux at the stagnation point gage (6 = 0) as computed using both the direct

and the indirect method are shown in Figure 6. These time histories are found in the '1Ddemocoax.ql' and
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"1Ddemocoax.q2' files. Although the two time histories follow each other closely throughout the run, it can be seen
that the direct method highlights fluctuations in the heating whereas the indirect method tends to smooth out these
fluctuations.

The stagnation point heating-time history is shown with that of the Stanton number (from the
"1Ddemocoax.ql’ and '1Ddemocoax.chl’ files) in Figure 7. The Stanton number remains constant as is generally
expected, and because of the small temperature rise during the run, so does the heat transfer rate. Note that the data
shown in Figure 7 (and Figure 6) extends well beyond the semi-infinite test time estimated from Figure 2, which
was approximately 1.5 seconds from the point at which heating began. Because the semi-infinite assumption was
eventually violated, and because lateral conduction also began to become significant as the surface temperature
increased, the one-dimensional analysis of the data became less accurate with time. Thisiswhy the Stanton number
begins to increase dightly after the 4.5 second mark. In most cases (including this one), a sufficient amount of data
can be acquired before the one-dimensional model isinvalidated, and the later data are usually ignored. This portion
of the run is shown here only to illustrate the limits of the applicability of the one-dimensional model.

The average values for the "democoax" data set of the indirect and direct method heat fluxes (from the
"1Ddemocoax.distl' and '1Ddemocoax.dist2' files) measured over the hemisphere are plotted in Figure 8, and as
would be expected from the time histories in Figure 6, are nearly identical. Finaly, in Figure 9 the averaged direct
method heat transfer rate values are shown along with their standard deviations (both in the 'IDdemocoax.dist2’ file);
the small values of the standard deviations indicate that the data from this run are quite reliable.

The measured temperature-time histories of the thin-film gages on the 70° sphere-cone (twelve, distributed
along asingle ray at increments of SR, = 0.1) from the "demothin" data set are plotted in Figure 10. These data are
found in the '1Ddemothin.t' file. Because the thin-film gages were mounted on an thermally insulative substrate
(Macor) they experienced a much greater temperature rise than the coaxial thermocouples.

The time histories of the heat flux at the stagnation point gage (SR, = 0) as computed using both the
direct and the indirect method are shown in Figure 11. These time-histories are found in the '1Ddemothin.ql’ and
'"1Ddemothin.g2' files. Because of the large surface temperature rise the direct and indirect method heating-time
histories do not remain constant as was the case for the coaxial thermocouples, but do again follow each other
closely throughout the run. Because of this, an averaged heat transfer rate is a meaningless quantity. However, as
shown in Figure 12, the Stanton number (from the '1Ddemothin.chl" file) is nearly constant and can be averaged.
To illustrate this point, consider the distributions plotted in Figures 13 and 14. Averaged heat transfer rates are
plotted in Figure 13 and as expected, the average val ues changes with the window position. The average heat flux in
the original window of 3.0 to 4.0 seconds (from '1Ddemothin.dist1' file) is different than that in a user-input (using
option 3) window from 2.75 to 3.25 seconds (from the '1Ddemothin.distlnew’) file. Both are different than the value
extrapolated to a reference temperature of 300 “K (also in '1Ddemothin.distl’). On the other hand, the averaged
Stanton number values do not change with the averaging window, as shown in Figure 14. From these figures, it
can be seen that while both the Stanton number and heat flux computations at a given time are valid, it is usualy

simpler to refer to the Stanton number since the heat transfer rate only makes sense if information on the wall
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temperature is provided (or if the wall temperature rise is small in comparison to the stagnation temperature, as seen
in the coaxial thermocouple data set).

The finite-volume data reduction options were also employed in the reduction of the 'demothin’ dataset. As
shown in Figure 15, the direct and indirect method Stanton number-time histories, which are constant property
solutions multiplied by an empirical correction factor, are in excellent agreement with the numerical solution (from
the '"1Ddemothin.g3' file) until well into the run when the semi-infinite approximation begins to become less
accurate.

Temperature profiles through the substrate of the stagnation-point gage ("TF19") from the finite-volume
solution at various times during the run are shown in Figure 16 (these data are from the '1Ddemothin. TF19' file,
which was created using option 9). In Figure 16, note that at 3.5 seconds, the temperature at the back-face has
begun to rise. The back-face temperature is one indicator of the validity of the semi-infinite substrate model. When
the back-face temperature rise begins to become significant (relative to the sensor temperature) the semi-infinite
model does not apply, since a constant back-face temperature is assumed in this model. The back-face temperature-
time histories for each gage are located in the 'IDdemothin.tback’ file; these data are plotted for several gages in

Figure 17.

FINITE-VOLUME APPLICATIONS

Use of the finite-volume options in the IDHEAT code makes it possible to analyze problems for which the
classical semi-infinite substrate model (indirect or direct method) is not applicable. Specifically, the IDHEAT code
can be used to reduce data from gages with substrates of finite thickness, and these substrates may be comprised of
one of more layers of different materials. Although the limiting assumption of one-dimensional conduction still
applies in these cases, the finite-volume approach represents the actual physics of the problem more accurately than
the semi-infinite substrate model.

In Figure 18, the heating distribution on a 70° sphere-cone similar to the one in the "demothin" data set is
plotted for a test in the Langley 20" Mach 6 Air Tunnel (ref. 16). In this example (courtesy Thomas Horvath,
NASA Langley), the model was 6" in diameter and was machined from chromel and instrumented with Type-E
coaxia thermocouples. Because chromel is a metal, it has a high thermal diffusivity and thus the semi-infinite
substrate assumption is valid for a much shorter period than it would be for a thermally insulative material. The
distributions shown in Figure 18 are from analysis by the indirect, semi-infinite substrate method and by the finite-
volume method. The chromel substrate was considerably thinner toward the corners of the model and proved to be
insufficient for the semi-infinite assumption to hold. Because of this, analysis by the semi-infinite method led to
invalid resultsin the corner region of the model. In this region there appeared to be a broad local heating peak at the

corner of the model which was much greater than that of the 70° sphere-cone model in the "demothin" example.
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However, when the finite-volume model was employed for data reduction, this peak was considerably smaller, which
made the distribution more consistent with the "demothin” data set.

Multiple-layer substrate results are illustrated in Figure 19 in which heating data from two 0.25" radius, 4"
long cylinders tested separately in the NASA Langley 20" Mach 6 Air Tunnel is presented (courtesy Scott Berry,
NASA Langley). The first cylinder was machined from Macor and instrumented with thin-film gages. A 0.002"
layer of Upilex was applied to the second cylinder, which was also machined from Macor. This Upilex layer was
instrumented with thin-film gages (note the tighter gage spacing possible on the Upilex, see the discussion on
Upilex in Appendix C). When tested, both cylinders were aligned perpendicular to the freestream flow so that the
thin-film gages, which were in a single row along the leading edge of each cylinder, measured the two-dimensional
stagnation point heating along the length of each cylinder.

For the Upilex/Macor cylinder the thermal penetration depth during the test was much greater than the
thickness of the Upilex layer, which made this a multiple-layer problem. Thus, the heat transfer was computed
using the finite-volume technique, with 5 points in the Upilex layer (dx = 0.0102 mm) and with 244 points in the
Macor layer (dx = 0.0260 mm). Figure 19 shows the comparison between the computed Stanton numbers on the
Upilex/Macor cylinder with that from the all-Macor cylinder, for which data was reduced using the indirect, semi-
infinite analytical method. The computed heat transfer coefficient (Stanton number) distributions for the two
models, which were geometrically identical but had dissimilar thermal response characteristics due to the differencein
substrate materials, are in close agreement both with each other and with the computed Fay-Riddell two-dimensional
stagnation point Stanton number.

The temperature profile through the substrate of one of the gages on the Upilex/Macor cylinder at different
times during the test is shown Figure 20. The discontinuity in the slope of the temperature profile at 0.0508 mm is

the interface between the low thermal conductivity Upilex and the high (relative to Upilex) conductivity Macor.

CONCLUDING REMARKS

A FORTRAN computer code, 1IDHEAT, has been developed for the reduction of heat transfer data from
thin-film gages and coaxial thermocouples. This code incorporates both analytical and numerical techniques for the
solution of the one-dimensional heat conduction problem. The analytical techniques are based on the constant
thermal properties, semi-infinite substrate approximation. The effects of the variation of thermal properties with
temperature are included through either a variable thermal conductivity, constant thermal diffusivity approximation,
or through the use of an empirically-derived correction factor to the constant thermal properties solution. The
numerical techniqueis a one-dimensional finite-volume discretization with variable substrate thermal properties. The

finite-volume method adds the capability for heat transfer computations with a substrate comprised of multiple layers
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of different materials or of finite wall thickness. Use of this code has been demonstrated with the reduction of

sample experimental thin-film gage and coaxia thermocouple data sets.
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APPENDIX A. ANALYTICAL HEAT TRANSFER MODELS

The governing equation for one-dimensional heat conduction in a semi-infinite solid with constant thermal

properties can be expressed as (ref. 2)

2%6(xt) _ 1 96(x.t)

A-1
ox? a, ot (A1)
where
0(x,t) =T(x,t) - T(x,0) (A-2
with boundary conditions
. 00(0,t)
0,t) = -kg————= A-3
a(0,t) = kg EW (A-3)
6(,t)=0
6(x,0)=0
This egquation may be solved using Laplace transforms. The transformed differential equation is
al(29) = 1% (A4
07t ox2 ot
with boundary conditions
. 06(0,s)
0,8) = -k, ——— A-5
a(0,s) = -k, EV (A-5)
6(,s)=0
6(x,0)=0
where
L[6(x,t)] = B(x,s) (A-63)
Lla(xt)] = a(x,9) (A-6b)
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The Laplace transforms of the derivatives are

LD =5.(6)-6(x.0)

ad
) } - 0°0 dt ::2} ‘S‘Gdt::X—ZZL(e)
Now, let
v=L[6(x,1)]
then the transformed equation is
d?v

SV_G(X,O) :aoy

which has the general solution

Os [F
v(x,s) = L[B(x,1)] = Ae

Application of the boundary conditions leads to

A=0
52 80,9 /a,
kos?
then
L{aex, ] =90 g
ﬁos
where

oot g el |, 6%.0)

(A-7)

(A-8)

(A-9)

(A-10)

(A-12)

(A-129)

(A-12b)

(A-13)
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B, = % = [PoCooko (A-14)

which evaluated at the surface (x=0) gives
L[a(0,1)] = 4(0,9) = Bos*L[6(0,)] (A-15)

or by the (t=0) boundary condition in (A-3)

(0,s) = 59{SL[9(0 t)] - s6(0,0)} (A-16)
then
- ﬁ_o )
q(0,s) = LE—(O t)a (A-17)

The Laplace transform of the system can then be inverted through a convolution to obtain an expression for

surface heat transfer as afunction of time

q0,9 =L LmELDd o t)D (A-18)
. _ & —(o ) _
L™a(0,s)] =a(0,t) = W dA (A-18)

This equation can be simplified through integration by parts as

A2 A2
J’udv =uv}? - Ivdu
1
b

where (A-20)
u=u(A)
v=V(A)
where
u= 1 (A-213)
Vt=A
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du = dA

— (A-21b)
2(t-1)2
ad
_do )
dv= o dA (A-229)
v=0(0,1) (A-22b)

An arbitrary constant can be added to v without changing dv. Thisis done in order to avoid a singularity later in the
derivation.

de
dv=——dA A-2
v d}\ (A-239)

v=0(0,1)-6(0,t) (A-23b)

then

= a0 < Bo PO, 1.60-604) 7 _
R R ey (A-24)

In order to avoid the singularity at (t=1), Cook and Felderman (ref. 14) reduce the integral to a summation
by approximating the temperature as a piecewise linear function

6(0,7) sze(ti_l)+wu

ti-1) (A-25)
Then by transforming the integral into a summation of discrete integrals
i=n t; t;
\/7 - n l ﬁ -0 ) dA _ (GI ~ ei —1) A- t dA E (A-26)
[30 t ZZ -1 I(t —A)% At I(t _A)z
n =1 tiq \'n E

with integration by parts of the second integral
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ﬁr o 1.=H , O _(6,-6.) %(A —t-_1)|" dA
. +_ZH9n i- 1)D 0 I I : B
B 260 Hu-00 g & G- ) -
(A-27)
evaluation of the all terms gives
N ) '“Ee -6 6, -6 2(6. -6._,) E
B_q:\/tl-'- G -+ T (A-28)
0 " i::I'E(tn_ti)z (tn_ti—l)2 (tn_ti)2+(tn_ti—1)za

The first term in the summation is undefined at (i=n). However, by I'Hopita's rule, the limit as i approaches n of

thisterm is zero.
With the condition that 8(t,) = 0 wheret, = 0, the summations can be separated to get

i=n-1 i=n i=n
LPT S 8 = 26,-6) 229
Bo & (tn—t)2 S(t, -t l)2 St -t +(t, —t_,)?
Finally, the indices on the second summation are shifted to get
n
B 9 el -1 (A-30)

(t)_f;\ —t + 1t -

Equation (A-1) isvalid only when the variation in the thermal properties can be neglected, that is, when the
temperature rise is small. In hypersonic heat transfer experiments the temperature rise is usually quite large,
therefore, the variation in the thermal properties must be accounted for in the heat transfer model.

For some materials, such as the metals in a coaxial thermocouple, the thermal conductivity increases
rapidly with temperature with temperature, but the thermal diffusivity increases only slightly. Thus the relationship
between heat flux and temperature for a coaxial thermocouple can be approximated using the approach suggested by
Cook (ref. 3), in which the thermal conductivity is allowed to vary, but the diffusivity is held constant. The
dependent variable is transformed by

do (A-31)

| =

which leads to the system
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2
d g(x)z('t) _ ai d¢(d>t(,t) AR
0

The form of equation (A-30) isidentical to that of equation (A-1). Thus, it has the solution

2B, < @~ Q

q(tn):ﬁ;\ﬁtn_ti +\/tn_ti_1 (A'33)

For insulative materials such as Macor and quartz, which are used as substrates for thin-film gages,
temperature has a strong effect on both the thermal conductivity and the thermal diffusivity. Thus, neither (A-1) nor
(A-32) are valid representations of the relationship between heat flux and temperature. It has been found however,
that accurate correction factors for the effects of variable thermal properties can be determined which can be applied to

the constant properties solution . The corrected equation takes the form of

Up(ry = %0 [1+B'AT] (A-34)

where the constant property solution can be obtained using the direct method of equation (5) or the indirect method of
equation (7).

The correction factors are derived from heat transfer rates computed using the finite-volume technique. The
finite-volume technique is discussed in Appendix B, while the derivation of the correction factors is presented in
Appendix C. These corrected semi-infinite substrate heat transfer results are typically within a few percent of the
results from the more rigorous finite-volume computations. The advantage of this technique is the simplicity with
which the numerical summations in equations (5,7) can be calculated and then corrected for property variations by
equation (12). In contrast, the finite-volume solution generally requires more time due to the need to construct a
finite-volume input file and to analyze the effects of grid spacing on the computations. For this reason it is less
useful for "real-time" data analysis during wind tunnel testing. However, the finite-volume method is still very
valuablein that it involves no empiricism, the empirical correction factors for the analytical method are derived from
it, and it is the only way to correctly solve the finite wall thickness problem or the multiple-layer substrate problem.
It is thus suggested that the analytical semi-infinite methods be employed to quickly reduce data during atest series,

and then later that a more rigorous analysis be carried out using the finite-volume technique.
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APPENDIX B. FINITE-VOLUME HEAT TRANSFER MODEL

In theory, the most accurate method for computation of heat flux in a solid body would be through the use
of athree-dimensional finite-volume technique to compute the temperature distribution inside the body in question.
In this manner, the effects of the variation in thermal properties with temperature, as well as those of lateral and
transverse heat conduction could be taken into account. However, it would in practice be very difficult to instrument
a model with enough sensors to accurately measure the entire surface temperature distribution, which would be
required as a boundary condition for a computational solution. The computational time would also be much greater
for a three-dimensional solution, and considerable time would be required to generate a three-dimensional
computational grid and perform a grid resolution study. While accurate, miniaturized temperature sensors and
powerful computational resources are available today, and thus a three-dimensional computation can be performed,
thisis not a practical approach for a real-time analysis code which can be applied to generic configurations with a
minimum of preparatory work. For these reasons, the numerical model is presently restricted to that of one-
dimensional heat conduction.

An implicit finite-volume discretization is implemented in IDHEAT. The geometry and notation for this
model are shown in Figure 21. The temperature distribution within the solid can be obtained from an energy balance

within each cell:

c.]in - QOUI = c']stored (B'l)

which by atime-implicit, finite-volume discretization yields

T-Tpo 0 T,-THo g @ -1Ho B
Eﬂ“ (% - .@HETK' (o -x) B 5P A B &2

or by rearrangement

n n|:| _ (X |1) Ay —v. %D (X |1)
T+ T ke (58 = (oo = -0) G Ttk (5505 2= ooy ) (5 = x0) T

(B-3)

Thismodel is second-order accurate in space and first-order in time. Note that all material properties values

in the coefficients of T are lagged and evaluated at the (n-1) level. Equation (B-3) isvalid for the computational cells
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on the interior of the domain. The temperatures at the exterior and interior (it is assumed that the actual wind tunnel
model is hollow in order to allow space for the sensor wires) of the domain are functions of the boundary conditions.
The temperature of the first computational node is extrapolated from the temperature measured on the

external face of the model by the sensor (Figure 22a.):

2
T =2 Bl + 5 T30 G

By substitution into equation (B-3), the temperature at node 2 is

O
T3k~ (3 = (BEe)ale —x) T+ T ol Tack o (20 B =) G2 TE = T
&9

Several boundary conditions for the back surface are possible: adiabatic surface, constant temperature, and
measured temperature. The measured temperature boundary condition would be the most accurate, but sinceit is not
usually practical to make this measurement, the adiabatic surface boundary condition is generally used. The rationale
for this boundary condition is that the heat conduction to the stagnant gas in the hollow interior of the model is
negligible in comparison to the heat flux through the solid. At current, the constant temperature and adiabatic
surface boundary conditions, but not the measured temperature boundary condition, are implemented in 1DHEAT.
These boundary conditions are illustrated in Figure 22b.

The adiabatic boundary condition isimplemented by setting g, to zero in equation (B-1) for the (m-1)th

computational node

m1|:|

T alonea] * Thos K s = (00 Dma O = -2) A B0y ) 101 = X-2) TS

(B-6)

For the constant interior surface temperature boundary condition, the temperature at the mth node is extrapolated

from the surface by

2 1 0
o :g[lrkr)]ack +oTh (B-7)

Then by substitution into (B-3)
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The system of equation (B-3) with boundary conditions of equations (B-5), and (B-6) or (B-8) forms a
tridiagonal matrix of unknowns which can rapidly be solved using the Thomas algorithm.

The finite-volume technique in 1DHEAT can be also used to solve the one-dimensional heat conduction
equation in a substrate with up to three substrate layers in which material thickness, grid spacing, and thermal
properties are different in each layer. The number of layers can be increased simply by changing the dimensionsin
the code.

Note that in a multiple-layer problem the thermal conductivities on either side of the interface may be
discontinuous. Because of this, it is not consistent to extrapolate the cell interface thermal conductivities, k, and k,

by averaging the conductivities of the adjacent nodes, that is

K, = ki tk (B-9)

As proof, consider a material in which one layer was a perfect insulator (k = 0) and the other material of the other
layer had some non-zero conductivity. At the interface of the two materials, the thermal conductivity from equation
(B-8) would be non-zero, permitting heat transfer into the insulated layer.

The interface conductivity is properly defined through the series electrical resistor analogy (ref. 6). The heat

transfer at the interfaceis given by

-AT _ O

SRC

Qint = kmt [{A‘x (B-].O)

where Ris defined as the conduction resistance

R =% (B-11)
X
K;[Ax

In 1IDHEAT, the cell wall areas are constant. From the notation in Figure 21, the conduction resistances

between the nodes and the interface are:
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R.= X, (B-124)
K2 on
R = ixi (B-12b)
28
Then from equation (B-10)
X =X X~ X
A Ac ]
Kine = R,+R T kDX +ﬂ (B-13)
2A 2A
By defining
F o (x)12 E-14
X =X
equation (B-13) becomes
Kii= H:;F (B-15)
Il R
ka K

With this definition, the interface thermal conductivity in the above example would have the proper value of
zero. Thisformulation is also useful in that it permits the node spacing to differ from layer-to-layer, although in the
1DHEAT codeit is uniform within alayer.

The approximate grid Fourier number based on constant material thermal propertiesis

- % (B-15)
Because this is an implicit formulation there are no stability restrictions on g, and the grid spacing Ax may be
adjusted as desired to make trade-offs between solution accuracy and computational time. The grid spacings are varied
separately by specifying the number of mesh points in each layer in the finite-volume set-up file. It may be
advisable to adjust the grid spacings so that the Fourier numbers in each layer are identical, although limited

investigations have not shown any significant effects of varying o from layer to layer.
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APPENDIX C. MATERIAL THERMAL PROPERTIES

The accuracy of the material thermal property datais a crucial, but often neglected, factor in the reduction of
experimental heat transfer data. Since material properties can rarely be considered to remain constant, their
dependence on temperature must be known, and must be accounted for in the data reduction scheme. The effects of
thermal properties can be rigorously dealt with by employing a finite-volume data reduction method as detailed in
Appendix B, or in a simpler empirical manner by the application of correction factors to an analytical constant
properties solution. However, even if the correct theoretical models are used, it is extremely difficult to obtain
accurate thermal property datafor use in those models. Material handbooks generally only give data at a single point
(usually room temperature). Thermal property datain the aerospace literature is also lacking, and what data exists is
often contradictory.

While useful qualitative information can still be obtained, it is simply not possible to make quantitative
conclusion from experiments without accurate thermal properties data. This is especialy significant in regards to
CFD code calibration exercises, as discussed by Neumann (ref. 17). Therefore, the thermal properties data
incorporated into the IDHEAT code are presented here along with a survey of data sources. It should be noted that
thermal properties data in IDHEAT are in some cases different than those published elsewhere. These thermal
properties represents the best data currently available to the author, but are subject to change and should not be
considered as THE definitive set of thermal properties data. This data may be modified by the user or data for other
materials may be added to the 1IDHEAT code as discussed at the end of this appendix. Comparisons between

experimental results based on these properties and computational results are included at the end of this Appendix.

MATERIAL PROPERTY CURVE FITS

A summary of room-temperature properties of the materials for which data has been incorporated into
1DHEAT (chromel, constantan, Macor, quartz, Pyrex, 17-4 stainless steel, and Upilex) is given in Table 4. Curve
fits for the variations in thermal properties with temperature are given in the respective sections of this appendix for

each material. These curvefitsare all considered to be valid for temperatures up to 600 °K.

Type-E Thermocouple
The Type-E chromel-constantan thermocouple manufactured by Medtherm is composed primarily (80-90%
by volume) of chromel. Because of this, and because of the uncertainty in constantan thermal properties, it is

recommended that the chromel curve fits of equation (C-1) be used to represent the Type-E thermocouple.



Chromel

Because chromel is a metal, it has high thermal conductivity and thus experiences a relatively low
temperature rise (compared to an insulator) when exposed to heating. The effects of variable materia thermal
properties are thus less significant. However, there is atrade-off in that metals also have higher thermal diffusivity,
and thus the time for which the semi-infinite approximation is valid is much shorter.

Chromel thermal property curve fits are presented in Figures 23a-23e. Chromel specific heat data are taken
from Touloukian et al (ref. 18), which was the only source found for variation of chromel specific heat with
temperature. Chromel thermal conductivity data was taken from Touloukian et a (ref. 19), Hoskins! (a supplier of
chromel alloy) and from Medtherm?2 (a manufacturer of the Type-E thermocouples). Thermal diffusivity and thermal

product values were computed from these data. Material property curve fits based on these data are:

p = 8714 (kg/m®) (C-1a)

C, = 386.25 + 0.23981[T (J/kg-'K) (C-1b)

k = 11845 + 19132102 (T (W/m-"K) (C-1¢)

a = 3.5995[10° +2.9656 10° [T - 9.129310° 2 T2 (m?/s) (C-1d)
B = 6398.4 + 6.6331[T (W-s?2/m?-°K) (C-1¢)

Constantan
Constantan thermal properties were obtained from the same sources as chromel properties. However, less
data were available in these references and the curve fits below are of higher uncertainty than those for chromel.

Constantan thermal properties curve fits are:

p = 8906 (kg/m?q) (C-22)

C, = 318,54 + 0.25745(T (J/kg-°K) (C-2b)

k = 85591 + 4.6562102 [T (W/m-"K) (C-20)

a = 31797010° +11966 108 (T - 4.5508[102 T2 (m?/s) (C-2d)
B = 5336.2 + 1L754[T (W-s?/m?-°K) (C-2¢)

These curvefits are plotted in Figures 24a-24e.

M acor
Macor is a machinable glass ceramic manufactured by the Corning® company. Macor is a thermal
insulator, which makes it a good substrate material for thin-film gages because insulators have longer semi-infinite

test times. However, temperature has a strong influence on the thermal properties of Macor, which complicates the

1 Hoskins Manufacturing Company, Detroit M1 48208
2 Medtherm Corporation, Huntsville, AL 35804
3 Corning Incorporated - Advanced Materials Department, Corning, NY 14831. Macor is a trademark of Corning Inc.
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analysis of heat transfer data. Furthermore, the variation with temperature is not well documented. Thermal
property data has been assembled from a number of sources, most of which are not in good agreement with each
other. Macor thermal properties data were obtained from Corning, Miller at the NASA Langley Research Center
(refs. 5,20), Wannenwetsch et al at the Arnold Engineering Development Center (ref. 21), CALSPAN (cited in ref.
5), Mentre and Consigny (ref. 22) and Soos (refs. 23-25) and Campell (ref. 26) at the Holometrix4 company . The
merits of each data set can be assessed from study of the references cited. Ultimately, Macor thermal property curve
fits were based on references 23-25 and 26 because these data are recent (1992-1995), are repeatable, and cover alarge
range of temperatures.

Macor thermal properties curvefitsare:

p = 2543.84 - 8.010"? (kg/m?) (C-33)

Cp, = 114.04 + 2.5196[T - 15136010° T (J/ kg-’K) (C-3b)

k = 0.33889 + 7.4682[10°3 [T - 1611810° T2 + 12376108 T3 (W/m-°K) (C-3c)
a = 13003010°-2.252310° [T + 18571102 T2 (m?/s) (C-3d)

B = 754.2 + 3.7201(T - 2.4883[10° T2 (W-s?/m?-K) (C-3¢)

Macor thermal properties are plotted in Figures 25a-25e.

Quartz

Like Macor, quartz is athermal insulator and is thus also a good substrate material for thin-film gages. The
main drawback to quartz is that it is a more difficult material to machine than Macor. Quartz thermal property data
were obtained from Corning, GE® , NASA (ref. 5) and Holometrix (refs. 23, 26) and are presented in Figures 26a-
26e. The curve fits presented are based on data from Holometrix for the same reasons as discussed in the section on
Macor.

The curvefitsfor quartz thermal properties are;

p = 2192.5 (kg/ m®) (C-43)

c, = 197.85 + 19893(T - 7.3896110" (1> (J/ kg-’K) (C-4b)

k = 0.96157 + 9.549110* [T + 5.54650107 T2 (W /m-°K) (C-4c)

a = 1519110°-4.13610° [T + 7.2707002 T2 - 4.4242 Q0P T3 (m?/59) (C-4d)
B = 805.48 + 2.1192[T (W-s?/m?-°K) (C-4e)

4 Holometrix Incorporated, Bedford, MA 01730-2323
5 GE Quartz Products, Cleveland, OH 44117
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Pyrex
Like quartz and Macor, Pyrex8is another insulative material used as a thin-film gage substrate. The curve
fits presented here are from reference 5 and are presented in Figures 27a-27e. Because Pyrex thermal properties vary

much more with temperature than those of other materials, and it is not easily machined, it is generally not a

preferred substrate choice.
p = 2227.0 (kg/m3) (C-58)
Cp, = -85.414 + 4.2839(T - 5.7482[10° [T? + 3.1047010° (T (J/kg-°K) (C-5b)
k = 15146 - 59068103 [T + 18165010° T2 (W /m-K) (C-5¢)
a = 1062210°-3.025410° [T + 7.3053[102 T2 (m?/s) (C-5d)
B = 54163 + 2.0121(T + 4.3415[10° T2 (W-s2/m?-°K) (C-5¢)
Upilex

A technique currently being developed at NASA Langley is the application of thin-film gages to a layer of
Upilex film which is then applied to a wind tunnel model. Upilex is athin (1 to 5 mil thickness) polyamide film
manufactured by Ube’ which has very low thermal conductivity and a highly finished surface. Because of the surface
quality of the film, it is possible to obtain higher gage quality and spatial resolution than with other substrate
materials. However because the Upilex is so thin, it usually cannot be treated as a semi-infinite substrate, and thus
the finite-volume method must be used to carry out a multiple-layer analysis which takes into account both the
Upilex surface layer and the sub-layer (typically Macor). Becausethisisarelatively new material, there islittle data
available on the thermal properties. Curve fits given below are based on data from Ube and Holometrix (ref 26) and

should be considered as preliminary. These curve fits are plotted in Figures 28a-28e

p = 1490.0 (kg/m?®) (C-68)

Cp, = -2258.2 + 19.492[T - 372670107 (7% + 2.7812[0° T° (J/kg-'K) (C-5b)

k = -0.26918 + 3.6348[103 [T - 7.2432[10° T2 + 5.005610° (T3 (W /m-°K) (C-6¢)
a = 5.9629107-2.299410° [T + 4.2071102 (12 - 2.80110 (T2 (m?/ s) (C-6d)
B = -1068.7 + 10.619(T - 2.0458[1072 T2 + 1454410° [T3(W-s2/m?-°K) (C-60)

17-4 Stainless Steel

A technique sometimes utilized for wind tunnel model construction is to fabricate a model from steel,
aluminum, or other easily machinable material. Sections are then cut out from the model and replaced with
instrumented inserts. These inserts are typically Macor, quartz or Pyrex substrates with thin-film gages. Idedly, the

substrates are thick enough that they can be considered as semi-infinite. However, this problem can be analyzed as a

6 Pyrex isatrademark of Corning Inc.
7 Ube Industries, New York, NY 10103
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multiple-layer problem using the finite-volume technique. Thermal property data for 17-4 stainless steel obtained
from ARMCOS is thus given here for use in a multiple-layer analysis. However, this data should only be taken as
an example of metallic substrate properties since there are many varieties of steel or other metals which can be

employed in model construction.

p = 7800 (kg/m?®) (C-79)
C, = 460 (J/kg-"K) (C-7b)
k = 1163 + 14816102 [T (W/m-K) (C-7¢)
a = 3.2414110° +4.129310° [T (m?/s) (C-7d)
B = 66012 + 3.3208[T (W-s2/m?-°K) (C-7¢)

CORRECTION FACTORS

The numerical method discussed in Appendix B can be used to obtain an "exact" solution to the problem of
one-dimensional transient heat conduction in a solid with variable thermal properties. However, this is not
considered to be the optimal method for real-time reduction of large amounts of data because the finite-volume
method generally requires more set-up work and analysis than the analytical method. This makes it somewhat less
user-friendly, because non-experimental factors such as grid resolution and boundary conditions must be considered
before the IDHEAT code can be used to reduce data. The preferred methods for real-time data reduction are the semi-
infinite substrate methods of equations (5) or (7) with the correction for variation of material properties with
temperature of equation (12) for thin-film gages, and the semi-infinite substrate methods of equations (9) or (10) for
coaxia thermocouples. The finite-volume method should be used to reduce selected sets of data to verify these
results.

Correction factors for Macor were derived in a manner similar to Cook (ref. 3) and have the form
qﬁ(T) = %0 [1+B'AT] (C-9)

The correction factor, 8, for Macor was determined by comparing the computed heat transfer rates for a parabolic
temperature-time history, T = T(t¥2), (corresponding to a constant heat transfer rate for a substrate with constant
thermal properties) for a substrate with thermal properties held constant to a substrate with variable thermal
properties. In both cases the heat transfer rates were computed using the finite-volume method. These heat transfer

rates are plotted versus temperature rise in Figure 29. The correction factor shown can be derived from this figure as

8 Armco Stainless Steel Products, Baltimore, MD 21203
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The correction factor is considered to be valid for temperatures up to 600 °K and isimplemented in 1IDHEAT using

the linear fit shown.

B =7.3800107* - 4.604 10" [AT, (C-10)

Note that although the linear fit isless accurate at lower temperatures (the computed correction factor goesto zero at
room temperature) the actual correction to the heat transfer rate is the correction factor times the temperature rise, and
the error is thus negligible at low temperatures.

The finite-volume solutions for constant and variable thermal properties and the corrected analytical solution
are plotted in Figure 30 as a function of time. For this parabolic time history, the agreement is excellent. Although
the correction factor values are derived only from this parabolic temperature-time history, they appear to be valid for
any temperature-time relationship within the temperature range given for the material property curve fits. A sample
comparison between corrected analytical results and finite-volume results is shown in Figure 31 (stagnation point
heating from the "demothin" data set) and the agreement is excellent.

The correction factor for quartz was derived in the same manner as for Macor. The thermal properties for
Pyrex in (C-5) are taken from reference 5, so the same correction factor is used.

For quartz, the correction factor is

B =9.4141107* -8.01810 8 [AT, (C-11)
The correction factor for Pyrex is a constant:
B =2.331073 (C-12)
No correction factors were determined for the metallic materials or for Upilex. For the metals, the surface
temperature rises experienced are generally small enough that the constant diffusivity approximation (eg. 7) isvalid,

and this method is implemented in the 1IDHEAT code. Data from thin-film gages on Upilex are analyzed by the

finite-volume method so no correction factors are required.
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ADDITIONAL MATERIALS

Users wishing to incorporate new materials into the IDHEAT code or modify current data must supply
curve fit coefficients for the thermal conductivity, thermal diffusivity, thermal product and thermal product correction
factors. These additions must be made in the "matprops" subroutine, and the choices must be added to the menu in
the "readsetup" subroutine

The thermal diffusivity and thermal conductivity values for a material are defined in 1DHEAT by fourth-

order polynomial curvefits (for lower-order curve fits, elements of the coefficient arrays may be set zero).

Thermal conductivity:
k(T)=al +al) T +al) 2 +af 13 (C13)

Thermal diffusivity:
a(T)=a® +al™ T +al® 12 + a{® 12 (C-14)

The thermal product and correction factor are defined by a three element array, (3, wheref,, is the room

temperature value of the thermal product, and the two remaining elements are the coefficients of a curve fit for the

correction factor
B =B+ Ba(T = Tamp) (CH)

For metallic substrates that are represented by the variable thermal conductivity model, the first element is
again the room temperature value of the thermal product, and the second and third elements are the coefficients for a

thermal conductivity curve fit:

=BT ()

VALIDATION OF THERMAL PROPERTIES DATA

Asmentioned previoudly, the thermal properties data given in thiswork are in some cases quite different
from data presented elsewhere. These differences are most pronounced for the materials Macor and quartz. Use of the
current propertiesis validated by the results presented in Figure 32. This figure show the Stanton number
distributions on two 1" radius hemisphere models tested side-by-side in the NASA LaRC 31" Mach 10 Air Tunnel.
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One hemisphere was machined from quartz and one from Macor, and both were instrumented with thin-film
resistance gages. These distributions are compared to a numerical solution computed using the viscous shock layer
technique (courtesy of Roop Guptaat NASA Langley) and al distributions are normalized by the computed Fay-
Riddell (ref. 27) stagnation point Stanton number. Both the quartz and Macor results obtained using the current
values are within 5% of the computed VSL solution. It was found that experimental results computed using thermal

property data from other references varied between 10% to 20% from the V SL solution.
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APPENDIX D. 1DHEAT INPUT FILES

SETUP FILE "1Ddemocoax.inp"

Listing of sample setup file " 1Ddemocoax.inp"

Sanpl e Coaxi al Thernmocoupl e Hem sphere Data

SUBSTRATE
chronel
chronel
chronel
chronel
chronel
chronel
chronel

300. 2d0 anbi ent tenperature (deg K)

1419. 7d0 freestreamvelocity (ms)

4.3078d-3 freestream density (kg/ nf)

0. 7603d6 total enthalpy (h_tot - h_298) (J/kg)

300. 00d0 reference tenperature (deg K)

Air test gas (Air, He, N2, CF4, C2)

2.5d0 time zero (sec)

0. 02d0 data sanpling period (sec)

300 nunber of points in integration wi ndow
4.0d0 start time of averagi ng wi ndow (sec)
4.5d0 end time of averagi ng wi ndow (sec)

1. 0dO adi abatic wall recovery factor

2 col ums of position data

S/'R title of position colum #1

t heta title of position colum #2

GACEI D S/'R t het a ALPHA R GAGE TYPE
"TCT' -1.5709 -90.0 0. 00 coax

' TC6' -1.3091 -75.0 0. 00 coax

' TCS' -1.0472 -60.0 0. 00 coax

'TCA -0.7854 -45.0 0. 00 coax

' TC3' -0.5236 -30.0 0. 00 coax

'TC2' -0.2618 -15.0 0. 00 coax

" TCL' - 0. 0000 0.0 0. 00 coax

end

Description of "1Ddemocoax.inp" file

Line 1: Text header describing the data.

Line 2. Tao  Ambient temperature before the run

Line3: U, freestream velocity

Line4: Poo freestream density

Line5: Ahy,  total enthalpy, Ahg =h(Ty, ) —h(T,)

Line6: T reference temperature at which to extrapolate heating rates
Line7: gas identifies test gas. Must be "Air", He", "N2", "CF4" or "CO2".
Line 8: to time zero. Time at which data reduction begins

Line9: At time between data samples.

Line 10: Niot number of data points after time zero to continue data reduction
Line 11: ty start time of window over which reduced datais to be averaged
Line 12 t, end time of window over which reduced datais to be averaged
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Line 13: r adiabatic wall recovery factor used in Stanton number calculation

Line 14: Nel number of columns (maximum of 4) of position data to be read
Lines 15 -16: titles of position data columns.
Line17: Text header identifying datain following lines.
Line 18-24: Gage data lines which contain:
gageid(n): identifier for nth gage, may be up to 6 characters
pos(n,k): numerical position data for nth gage corresponding to kth position column
datatitle
ag(n) temperature coefficient of resistance (in 1/°R) for the nth thin-film gage.

Thisisadummy value for coaxial thermocouples or if the raw datais

already converted to °K
gage type either "coax" (for coaxial thermocouple) or "thinfilm" (for thin-film gage)
substrate substrate material. For multi-layer substrates, this identifies the material

properties to be used to reduce the data if the analytical method is chosen and the
substrate is approximated as asingle layer
Line 25 Terminates reading of gage data

The flow properties information in the setup file is not required for the computation of the heat transfer
rates. However, it is used in the computation of the Stanton number, C,,, the heat transfer coefficient, H, and the
reference heating value, g« It must be emphasized that the heat transfer coefficient computations are only as
accurate as the user-input flow properties information. Furthermore, one of the inherent assumptions in these
computations is that the flow is steady; that is, the density, velocity and total enthalpy do not vary with time. For
unsteady flow, these results will not be valid.

Wall enthalpy as a function of temperature is also required for the heat transfer coefficient computations.
Currently, 1IDHEAT incorporates enthalpy curve fits for air, N,, He, CF, and CO, gases. The curve fit coefficients
are taken from McBride (ref. 28), and are valid for wall temperatures between 300°K and 1000°K. If needed,
additional curve fits may be added in the "hwall" function of the code, and the additional choices can be added to the
menus in the "readsetup™ subroutine.

Several times are required in the input file. The timest; and t, define the start and end of the window over
which the datais to be averaged. Initial selection of the proper averaging window in the input file is not critical, as
the data can easily be re-averaged using 1IDHEAT code options 3 or 7. In fact, a better definition of the averaging
window can be made by first running the code with assumed window start and end times, and then analyzing the heat
transfer-time histories to determine the optimum values for t; and t,.

The time t, defines the point at which reduction of the data begins. The exact definition of t, is aso not

critical aslong asty is before the gages experiences any heating. In fact, there is a built-in safety factor on ty in this
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code that will step back 50 time increments from the user-input value (or fewer if there are less than 50 data points)
Note that the 1IDHEAT code will compute baseline pre-test voltages (for thin-film gages) for each sensor by
averaging over the first 25 points from t,. The 50-point safety factor and 25-point baseline averaging values are set
in the 'setup' subroutine of the code.

Entries in the input file must correspond to allowable values. Allowable text strings for the test gas are
"Air", "N2", "CF4" "He" and "CO2". The gage type can be "thinfilm" for thin-film resistance gages or "coax" for
coaxia surface thermocouples. Finally, the substrate type can be set to "macor"”, "quartz", "pyrex", "chromel",

"constantan”, "stainless’, or "upilex".

FINITE-VOLUME SETUP FILE "1Ddemocoax.fvinp"

Listing of sample setup file "1Ddemocoax.fvinp"
SAMPLE COAX DATA FI NI TE- VOLUME SETUP FI LE

GAGEl D LAYERS VALL BC

Layer # NODES THI CKNESS SUBSTRATE
' TCT' 1 0

1 43 1.27d-2 chronel
' TCo' 1 0

1 43 1.27d-2 chronel
' TCS' 1 0

1 43 1.27d-2 chronel
' TCA' 1 0

1 43 1.27d-2 chronel
"' TC3' 1 0

1 43 1.27d-2 chronel
' TC2' 1 0

1 43 1.27d-2 chronel
'TC1' 1 0

1 43 1.27d-2 chronel
end

Description of "1Ddemocoax.fvinp" file
Line 1. Text header describing thefile

Line2: Column titles

Line 3: Column titles continued

Lines (4,5), (6,7), etc.

Thefirst line in each pair contains

gageid(n): identifier for nth gage, may be up to 6 characters
nlay(n): number of substrate layers of nth gage
nbc(n): interior boundary condition for nth gage

(Ofor adiabatic, 1 for constant ambient temperature)

The second linein each pair contains
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k: layer number

nplay(n,k): number of pointsin kth layer of nth gage
d(n,k): thickness of kth layer of nth gage
subs(n,k): substrate materia of kth layer of nth gage

Note that in this example, the substrate has only one layer. A substrate with more layers would have

additional lines of the same form asline 5. For example a thin-film gage on a2 mil (0.0508 mm) layer of Upilex

over a1/4" (0.635 cm) thick Macor layer with 5 nodes in the upilex layer and 244 nodes in the Macor layer would

have lines of the following form for each gage:

"TF1' 2 0
1 5 5.08d-5 upi | ex
2 244 6. 35d- 3 nmacor

INPUT TEMPERATURE FILE "1Ddemocoax.degk"

Listing of sample input file "1Ddemocoax.degk"

Ti me TC7 TC6 TC5 TCA TC3 TC2 TC1

0. 0000  300. 25 300. 19 300. 23 300. 21 300. 21 300. 23 300. 22

0. 0200 300.24  300.19 300.24  300.19 300. 21 300. 23 300. 22

0.0400 300.21 300. 18 300. 21 300. 18 300. 19 300. 21 300. 21
(remai nder of file onitted)

Description of "1Ddemocoax.degk" file

Line1: Text header describing following lines.

Lines 2+: Contain the time index followed by the temperatures (or voltagesin a".volt" file)

for each gage at that time index. Reading isterminated by the end of thefile

Note that a voltage input file (with a'.volt' extension) will have the same format except that temperatures

are replaced with voltages.
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TABLE 1. 1DHEAT datafiles

File template: 1Dtestl DrunlD.ext
Extension Description
inp - setupfile
fvinp - finite-volume setup data
.volt - raw data(volts)
.degk - raw data(°K)
.t - time history of sensor temperatures
.OX - time history of heat transfer
.chx - time history of Stanton number
.gresx - time history of heat transfer residual
.chresx - time history of Stanton number residual
distx - time-averaged heat transfer data
distxnew - recomputed time-averaged heet transfer data
.thack - back face temperature-time histories
.gageid - temperature profile though substrate of sensor
ll@d dll
X is the data reduction method:
1) indirect semi-infinite
2) direct semi-infinite
3) finite-volume

TABLE 2. Thermocouple Coefficients
from National Bureau of Standards

Type-E Thermocouple
a 0.104967248 TABLE 3. 31" Mach 10 Air Flow Conditions
a 17189.45282 _demothin”_|_“democoax’
% ~282639.0850 by (P2) 65.18 7011
% 156053305 T, CK) 52.73 53.04
u; (m/s) 1419 1413
a, -448703084.6 M P 0.68
10 1 : .
3 110886 x 10 Re, (Um) | 1570 x 105 | 1.661 x 106
% -1.76807 x 1012 Po. (Pa) 8048.8 8528.0
& 1.71842 x 10 — To2 (°K) 1012.0 1004.2
3 -9.19278 x 10 Ahy, (Jkg) | 0.760 x105 [ 0.751 x 108
3 2.06132 x 1013
TABLE 4. Approximate room temperature material properties
p Cp k a B
MATERIAL (kg/md) (Jkg"K) | (Wim-'K) (m?/s) (W-sV2m?2-°K)
CHROMEL 8714 458 17.5 4.40 x10°5 8376
CONSTANTAN 8906 395 22.4 6.34 x 106 8840
MACOR 2568 731 1.46 7.94 x 107 1642
QUARTZ 2192 726 1.30 8.15 x 107 1435
PYREX 2227 458 1.37 8.10 x 107 1527
UPILEX 1490 967 0.303 211 x 107 661
17-4 STAINLESS 7800 460 16.0 4.47 x 10 7587
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Homedirectory 1DHEAT f
for sour ce code D 1DHEAT h
1DHEAT.errorlog

1DHEAT

Subdirectory

for test 100 D D

test100 {300 te3300

Subdirectory
for run 001

1D100001.inp
1D100001.volt run0ol
1D100001.fvinp

1D100001.g1 Tun002
1D10000Lchl
;2100001.@31 rUnoo3

FIGURE 3: 1DHEAT directory structure

"1DHEAT" v2.20 PROGRAM OPTI ONS:

SEM - | NFI NI TE METHOD
1. Reduce raw data (volts).
2. Reduce raw data (degrees K).
3. Reconpute statistics over new
time interval.
4. Conpute residuals.

FI NI TE- VOLUVE METHOD

5. Reduce raw data (volts).

6. Reduce raw data (degrees K).

7. Reconpute statistics over new
tinme interval.

8. Conpute residuals.

9. Tenperature profile for a gage at a
specified tine.

FIGURE 4: 1IDHEAT main menu
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FIGURE 5: Temperature-time histories for coaxial thermocouple data set
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FIGURE 6: Stagnation point heating-time history for coaxial thermocouple data set

140,000 T — — —— — —
e o AR
100,000 ’
r | . Indirect Method (dQ/dt) 1
80,000 Direct Method (q)
60,000
40,000
20,000
0 -/\.I\ AN . Lo L L L | . 1
2.5 3.0 35 4.0 45 5.0 55
TIME (sec)

49



50

q (W/m?

q (W/m?)

140,000

120,000

100,000

80,000

60,000

40,000

20,000

120,000

100,000

80,000

60,000

40,000

20,000

FIGURE 7: Stagnation point heat flux and Stanton number
time histories for coaxial thermocouple data set
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FIGURE 8: Averaged surface heat distributions for coaxial thermocouple data set
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FIGURE 9: Heat flux surface distribution with standard
deviations for coaxial thermocouple data set
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FIGURE 10: Temperature-time histories for thin-film gage data set
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FIGURE 11: Stagnation point heating-time history for thin-film gage data set
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FIGURE 12: Stagnation point heat flux and Stanton humber
time histories for thin-film gage data set
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FIGURE 13: Averaged surface heat flux distributions for thin-film gage data set
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FIGURE 15: Stagnation point Stanton number-time history for thin-film gage data set
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FIGURE 16: Temperature profiles through stagnation point
gage substrate for thin-film gage data set
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FIGURE 17: Back-face temperature-time histories for thin-film gage data set
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Ch/c h - Fay-Riddell
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FIGURE 19: Heating distribution on 0.25" radius cylinder
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Figure 22a: Surface boundary condition
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Figure 22b: Back-face (interior) boundary conditions
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Figure 23: (a-e) Chromel thermal properties
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Figure 24: (a-€) Constantan thermal properties
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Figure 25: (a-€) Macor thermal properties
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Figure 26: (a-e) Quartz thermal properties
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Figure 28: (a-e) Upilex thermal properties
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FIGURE 29: Finite-volume solutions for constant and variable thermal properties test cases
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FIGURE 30: Finite-volume solution and corrected analytical solution
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FIGURE 31: Finite-volume solution and corrected analytical solution
for stagnation point thin-film gage
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FIGURE 32: Comparison of measured and computed heating rates on a hemisphere
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